(South San Francisco, CA). All subjects were over 18 years old with a diagnosis of chronic phase Ph+ CML. All were required to have been treated with imatinib mesylate for ≥ 12 months, achieved a major cytogenetic response (≤35% Ph+ hematopoiesis), and have measurable disease by either fluorescence in situ hybridization (FISH) for Ph+ chromosome or quantitative real-time, reverse transcriptase-PCR (RQ-PCR) for BCR-ABL mRNA. Figure 1 displays the trial outline and its three phases. Imatinib mesylate was continued at the patients' enrollment doses. Tumor burden was measured at 6-week intervals. These included standard clinical measurements of BCR-ABL done at 3-month intervals as well as protocol-specified measures of BCR-ABL that were collected at 6-week intervals and stored for future testing as described below.
K562-GM-CSF immunotherapy
The K562 cell line was transfected with a plasmid vector encoding human GM-CSF as previously described (1) . K562/GM-CSF cells were manufactured by Cell Genesys, Inc. The cell line stably expresses >1000 ng of GM-CSF/ 10 6 cells/24 h (4). All patients were vaccinated with 1 × 10 8 irradiated K562/GM-CSF cells (1.0 × 10 7 cells per injection in 0.5 cc × 10 intradermal sites on the limbs) every 3 weeks for a total of 4 vaccinations. The 10 intradermal sites were distributed as follows: 3 each on the non-dominant upper and lower extremities and 4 on the dominant side lower extremity. Each injection was placed >5 cm from other sites and areas of previous injections were avoided. A topical lidocaine-based anesthetic cream (EMLA cream, AstraZeneca) was placed 1 hour before vaccinations at all 10 vaccine sites. Patients washed the areas with warm water and soap 4 hours following vaccinations.
Addition of clinical adjuvant 5% imiquimod cream
The toll-like receptor-7 agonist imiquimod (Aldara, Graceway Pharmaceuticals) was prescribed following the package insert. Briefly, the subjects applied imiquimod Fig. 1 . Study schema. A, pre-enrollment period (12 wk), B, immunotherapy administration (9 wk), and C, planned follow-up (27 wk) and ongoing monitoring (median, 33 mo follow-up). All subjects were required to have been on imatinib mesylate for longer than 1 y and to have achieved a major cytogenetic response yet remain with evidence of measurable disease burden.
Translational Relevance
The tremendous strides by imatinib towards improving outcomes for patients with CML appear only limited by its inability to directly eliminate early progenitors that remain in most patients despite years of therapy. Targeting such minimal residual disease may lead to improved outcomes and possibly eliminate the need for lifelong therapy. Immunotherapy has the potential to target such minimal residual disease based on the clinical observations that allogenenic stem cell transplant and donor lymphocyte infusions are both capable of curing patients with CML. Our manuscript describes the clinical impact of a K562/GM-CSF whole cell vaccine at decreasing minimal residual disease in a group of late, chronic phase patients. Elimination of minimal residual disease may result in medical cures for CML. cream on 9 of the 10 vaccine sites 4 hours after the vaccinations were delivered. Subjects used one packet of the imiquimod cream (250 mg) to cover 3 vaccine sites for a total dose of 750 mg for each administration. The cream was rubbed into the skin covering a circular area of approximately 2.5 cm in diameter until no longer visible. Subjects washed the sites 8 hours after the cream was applied. One site on the leg did not receive any imiquimod cream. All subjects repeated the imiquimod application to the same sites on days 3 and 5 following their vaccinations.
Real-time quantitative PCR
The diagnosis of CML is based on cytogenetic detection of the Ph chromosome and/or detection of the BCR-ABL rearrangement RQ-PCR (see supplemental text for complete methodology). Due to the lack of a consensus "gold standard" baseline clinical reference available to the scientific community during the study, a Johns Hopkins standard BCR-ABL RQ-PCR was established as a reference for baseline tumor burden. This standard consisted of the initial quantitative BCR/ABL values from 19 newly diagnosed chronic phase CML patients and followed the approach piloted in the IRIS study that used 30 newly diagnosed patient samples for the same purpose (5). The mean RQ-PCR value was determined to be 1033 (SD = 80%) copies of BCR-ABL per 1000 copies of ABL. Over the course of the study, BCR-ABL was measured every six weeks. Blood was drawn and stored at 4 degrees centigrade. RNA was prepared within 24 hours for all samples. Half the RNA from every other sample (i.e., at 3-month intervals) was assayed and reported in real time described below. The remaining RNA was stored at −80°C degrees centigrade following routine conditions to minimize RNA loss. These banked RNA samples were assayed in a single PCR run after the 36-week sample was collected to control for assay variability. This resulted in every other time point having two measurements from the same blood collection. To use all of the RQ-PCR data collected for this study, the relationship between the batched results and the contemporaneous values was modeled, enabling the conversion of the batched results to contemporaneous-scaled values as detailed in the supplement. Statistically valid inferences were made with respect to contemporaneous results (Supplementary Fig. S2; ref. 6 ). All available clinical measures through June 1, 2008 are reported.
Response definitions
Cytogenetic response. Patients whose tumor burden was measurable by FISH at the time of study enrollment were considered to have achieved a complete cytogenetic response (CCR) by becoming FISH negative. The cutoff for FISH positivity is 1% background for peripheral blood samples.
Molecular response. Molecular responses were determined by comparing the individual patients RQ-PCR result to the JH reference standard level at diagnosis as noted previously. A major molecular response (MMR) was defined as achieving a ≥3 log reduction below this standardized baseline (i.e., below 1.003 BCR-ABL transcripts per 1000 ABL transcripts), while a complete molecular response (CMR) was defined as becoming undetectable, which represents a ≥4.5 log reduction in BCR-ABL transcript number by RQ-PCR.
Skin biopsies
On day 0 (before the first vaccine) and day 3 following the first and fourth vaccines, elective skin biopsies were planned to evaluate the local immunologic response. Patients who were treated with imiquimod cream had an additional skin biopsy on day 3 to include the nonimiquimod site.
Immunologic assays
Peripheral blood mononuclear cells and serum were collected and cryopreserved at the same time points as the samples obtained for tumor burden assessment. For each subject, the full set of collected samples was tested in a single assay after completion of the study period. Details of the methods used for detecting antibodies and T cells specific for CML-associated antigens are presented in the supplemental materials.
Statistical methods
The primary statistical outcome for this pilot study was to detect a decrease in disease burden as measured by a change in the number of BCR-ABL transcripts at enrollment baseline versus at defined intervals following vaccination. The goal of the analysis was to detect a difference in the ratio of BCR-ABL/ABL with at least 80% power. We considered a decrease of 1 in the log 10 scale to be reliably Research.
on May 28, 2017. © 2010 American Association for Cancer clincancerres.aacrjournals.org Downloaded from discriminated by the RQ-PCR assay and a potentially clinically relevant change compared to the null hypothesis of a 0.5 log mean difference. A range of SDs from 0.3 to 0.8 on the log scale was chosen, the differences in the log values were assumed to be normally distributed, and a paired t test analysis was planned. Any change from baseline that resulted in the patient's tumor burden becoming undetectable was also considered relevant. For each individual, a trajectory of PCR measures was plotted versus time. Information was combined across individuals to obtain an estimated response at each of the time points. This combined curve was used to further describe biologic changes due to the vaccine.
Results
Patient characteristics. Between January 2004 and February 2005, a total of 19 subjects were enrolled and their general characteristics are shown in Table 1 . All patients had Ph+ CML in first chronic phase with a median duration of disease of 57 months . Patients were on imatinib mesylate for a median of 37 (13-53) months with a median dose of 400 mg (range 300 mg to 800 mg) daily. Sixteen (84%) of the 19 patients were initially treated with interferon-α at the time of their diagnosis. Four subjects had disease measured by peripheral blood FISH testing and the remaining 15 subjects were FISH negative but RT-PCR positive for the BCR-ABL breakpoint. All subjects were evaluable for toxicity and response.
Clinical response. Of the 4 subjects initially FISH positive at enrollment, 2 became FISH negative following the planned immunotherapy and remain so beyond 2.5 years ( Fig. 2A) . Interestingly, 1 went on to become RQ-PCR undetectable and remains so for over 2 years. The remaining patient ultimately met the criteria of a MMR. In addition to the clinical milestone of becoming cytogenetically negative, responses were also defined by achieving molecular milestones demarcating significant reductions in tumor burden. With a median follow-up of 33 (range, 10-44) months postvaccination, 74% (n = 14) of patients ultimately met the clinical benchmark of MMR and 37% (n = 7) of patients achieved a CMR. Of the 15 FISH-negative subjects, 8 had never achieved a MMR before undergoing immunotherapy despite a median of 25 months on imatinib mesylate. Following immunotherapy, 2 (25%) achieved a CMR, 3 (37%) achieved a MMR, and 3 remain with stable RQ-PCR measurable disease (Fig. 2B) . Of the 7 patients who previously achieved a MMR, 4 (57%) achieved a CMR and 3 (43%) remained stable with an ongoing MMR (Fig. 2B) . A total of 7 (37%) subjects became PCR undetectable following the initiation of immunotherapy at a median of 6 (range 3-22) months. The median duration of CMR was 22 (3-27) months and 5 patients are currently undetectable. One of the 5 subjects (Subject 001, Table 2 ) is currently undetectable (at 27 months postvaccination) for the b2a2/b3a2 transcript that defined his original breakpoint but did have emergence of a low level e1a2 transcript (typically associated with the p190 gene product seen in acute lymphoblastic leukemia) suggesting persistant CML. The other two patients with transient complete responses had evidence for the re-emergence of CML, although both remain with very low RQ-PCR levels.
Studying the group as a whole, the range of tumor burden spanned nearly 3 logs at enrollment. In spite of this marked heterogeneity, the mean BCR-ABL transcript copy number on a log (base 10) scale was statistically different for the group comparing the pre-immunotherapy RQ-PCR values (mean = 0.80, se = 0.38) with those following the intervention (mean = -0.48, se = 0.81; P = 0.03). A similar trend occurred when looking at the 15 patients with FISHnegative disease at enrollment (P = 0.01). Individual patient trends for the 19 subjects are displayed in Fig. 3 , where the vertical dashed lines separate pre-versus postimmunotherapy measurements. Looking at the observed trends of the disease burdens for the 19 patients (Table  2 , last column), 8 patients went from an increasing PCR trend to a decreasing trend following vaccination, 5 patients were decreasing before and continued decreasing following (although at a statistically steeper slopes), and the remaining 6 patients had decreasing slopes before study intervention with an increasing trend afterwards. Of note, in 3 of the patients with increasing PCR trends after vaccination, the increase in the slope was quite small (patient 3 = 0.001, patient 6 = 0.03, and patient 7 = 0.01) which likely represents stable PCR levels rather than true increases. Overall, there was a significant association between the pre-and postvaccination periods (P = 0.02, two-tailed Fisher's exact test, Supplementary Table S1) and a total of 13 subjects had a progressive fall in their tumor burdens ( Table 2) .
Addition of clinical adjuvant 5% imiquimod cream. Preliminary data in animal models have shown augmented immune responses with the topical application of 5% imiquimod cream to the GM-CSF tumor vaccine injection site (7) . To gain some initial clinical experience with this combination, the last 14 consecutive subjects Fig. 3 . Individual trends of log 10 contemporaneous-scaled measures of molecular levels of BCR-ABL in all patients pre and post K562/GM-CSF immunotherapy. RQ-PCR measures were obtained approximately every 6 weeks while on study, including the pre-immunotherapy window and for at least 6 mo following initiation of immunotherapy. The 2 periods (pre-and post-vaccination) are separated by a vertical dashed line. The dashed lines indicate estimated trends within each of pre-and post-vaccine evaluation periods. The y-axis denotes log 10 contemporaneous-scaled BCR-ABL measures. The y-axis differs between subjects because of the large variation in tumor burden at trial enrollment (over 3 logs). The x-axis designates BCR-ABL evaluations and is ordered according to prior (indicated by first five 'tick marks') and post-vaccination (indicated by 17 'tick marks' to the right of the vertical dashed line). The patient order corresponds to Table 2. received imiquimod as a topical vaccine adjuvant. The addition of imquimod to the vaccine-sites was well tolerated and resulted in an increase in the area of induration compared to what was observed in sites without (mean area of 255 mm 2 versus 100 mm 2 , P = 0.005). Evaluation of vaccine-site skin biopsies is on-going. Clinical responses were seen in patients immunized with or without imiquimod.
Toxicity. The K562/GM-CSF immunotherapy was well tolerated with the most common side effect being grade 1-2 local injection site reactions experienced by each of the subjects. Three subjects (16%) experienced grade 3 injection site reactions with pain, swelling, and erythema that improved with locally applied cold packs. Other symptoms possibly related to the immunotherapy included mild (grade 1-2) myalgias in 4 subjects (21%), low-grade temperatures (grade 1) in 3 subjects (16%), and 2 subjects (11%) with grade 1-2 fatigue and flu-like symptoms. There were no toxicity-related delays in administration of the immunotherapy. A total of 6 immunotherapy cycles resulted in a re-call phenomenon of swelling and erythema at previous injection sites. There was no clinical evidence of autoimmune reactions in any subject.
Correlative studies. We initially examined antibodies generated against undefined K562 antigens via Western blot. In virtually all subjects, there was an increase in the intensity of polyclonal antibodies detected against K562 lysate. This was detected as early as the first postvaccine measurement. The intensity peaked after the final vaccine and gradually declined out to week +36 (Fig. 4A) . In some subjects, this was accompanied by antibodies recognizing antigens of distinct molecular weights that were not evident in the pre-vaccine samples (arrows, Fig. 4B ). Whereas these changes are consistent with vaccine priming of immunity to K562, the resolution of the immunoblots is insufficient to discriminate specific vaccine responses. Antibody and T-cell responses to specific candidate antigens shared by K562 and primary CML [BCR-ABL fusion protein, proteinase-3 (ref. 8), Wilm's tumor-1 (WT-1) (refs. 9-14), survivin (refs. 15-18) , and PRAME (ref. 19 )] were examined (see supplemental text for methodology) but were not detected (data not shown).
Discussion
Treatment of patients with chronic phase CML with imatinib mesylate results in hematologic remissions in over 90% of chronic phase patients and complete cytogenetic remissions expected in over 80% of patients in upfront treatment (20) . Despite these excellent clinical responses, the overwhelming majority of patients treated with imatinib mesylate remain with molecularly measurable disease. Data from the Imperial College recently reported a 5-year cumulative incidence of CMR of only 8.3% for patients treated upfront with imatinib mesylate (21) . Perhaps more reflective of the subjects reported here, Palandri et al., found that only one of 277 late chronic phase patients resistant or intolerant to IFN-α had a durable CMR with a median of 72 months of follow-up (22) . Data continue to accumulate that the quiescent, primitive Ph chromosome-positive CML stem cells are insensitive to imatinib in vitro and therefore render singleagent imatinib mesylate as incapable of completely eradicating the disease (23) (24) (25) and result in relapse in most patients who stop imatinib mesylate therapy (26) (27) (28) (29) (30) .
Previous reports have shown the ability to induce T-cell responses in patients undergoing peptide-based vaccines that attempted to target the fusion sequence in the P210 protein unique to the CML. The majority of the early reports suggested the detection of peptide-specific T-cell proliferative responses and delayed-type hypersensitivity responses and not clinical responses (31) . Efforts to modify the strategies through vaccine alteration or adjuvants resulted in small, but measureable changes in disease burden including several cases who achieved molecular remissions (32, 33) . As with all single-antigen vaccine approaches targeting defined epitopes, these strategies are limited by the requirement for patients to express specific HLA class I or II molecules for peptide presentation. In contrast, the broad spectrum of tumor-associated antigens delivered by genetically modified tumor cell-based vaccines are not HLA class restricted. In addition, each patient selects the hierarchy of antigens that are recognized, increasing the potential for a response while the polyvalency of this formulation reduces the likelihood of tumor escape by antigen loss. The K562 cell line, originally derived from a patient with CML, expresses many potential antigens that may serve as immunologically important therapeutic targets. Candidate antigen targets shared by both the K562 cell line and primary CML include the BCR-ABL fusion protein, proteinase-3 (8), Wilm's tumor-1 (WT-1; refs. 9-14), survivin (15) (16) (17) (18) , and PRAME (19) . In spite of these advantages, neither antibody nor T-cell responses were detected against these reported candidate antigens, even though they are abundantly expressed by the K562 cells (data not shown). These results mirror those reported by Lee and colleagues who identified T-cell responses to autologous leukemia cells, but not to any known leukemia-associated antigens (including those examined in our study) after imatinib mesylate-induced remission (34) . We have since embarked on an unbiased screen of a cDNA expression library from K562 cells using sera from the subjects reported here. Although still preliminary, we have now identified over 25 antigens expressed by CML cells that were recognized in post-, but not pre-vaccine samples. Interestingly, although some of the antigens identified are known immune targets in CML, including hyaluronan-mediated motility receptor (RHAMM; ref. 35 ) and enolase alpha (36) , most of the targets that have been discovered in this screen are novel. Studies are ongoing to determine the frequency of immune responses to each of these antigens in larger numbers of CML patients and to examine the correlation of clinical responses with the pattern of antigen recognition.
Although our study was not designed to test the impact of imatinib mesylate on the immune effects seen, it is possible that concurrent use of imatinib mesylate may have influenced the effectiveness of the K562/GM-CSF immunotherapy. Abelson tyrsoine kinases are one of the three families of tyrosine kinases that play important roles in the development, activation, and expansion of T cells. These non-receptor kinases are activated in response to engagement of both the pre-T cell receptors and T-cell receptors and transduce signals that affect Tcell development and mature T-cell function (37, 38) . Limiting the function of these signaling pathways with imatinib mesylate and other TKIs is one mechanism that could result in immunosuppressive effects (39, 40) . It is just as plausible however, that imatinib mesylate enhanced the biologic activity of the K562/GM-CSF vaccines by its interactions at one or more critical junctures of the proposed T-cell activation pathways. Imatinib mesylate has been shown to enhance the stimulatory capacity of antigenpresenting cells to activate T cells (41) , to promote the development and activity of interferon-producing killer dendritic cells (42) , and to limit the suppressive feedback loop of regulatory T cells (43) . The balance between imatinib mesylate's influence on the opposing arms of the immune response remains unclear, however, its effects should not be discounted. These issues not withstanding, the ability of imatinib mesylate to hold the disease in a state of minimal residual disease affords a unique opportunity to intercede with immunotherapies that have mechanisms of action that are distinct from leukemia-intrinsic targeted therapies.
In general, the clinical importance of small changes in CML tumor burden, as measured by PCR, for remains unclear. Most PCR assays suggest that changes of up to 1 log may fall within the varibility of the assay and trends in the PCR values over time may better reflect a true clinical effect. Our study attempted to minimize the confusion in presenting the clinical responses by not simply duplicating the measures recommended by Branford et al. (44) and Hughes et al. (45) to help analyze the IRIS study, but by presenting all of the data points to best show the trends in measures over time. The changes in tumor burden observed following immunotherapy in our study were intriguing as 13 of our patients had decreasing PCR trends following our immunotherapy, more than half of the responding patients reached the level of molecularly undetectable disease at some point during follow-up, and 5 of these 7 responses appear durable. Despite the fact that PCR is in its relative infancy as a clinical tool, downward trends and achieving molecularly undetectable levels of disease support the biologic activity of the immunotherapy. The current study did not randomize patients between immunotherapy and observation leaving the question of ongoing molecular improvement based solely on imatinib mesylate therapy unanswered. Our patient population was composed of late chronic phase patients, 12 of whom had never achieved a major molecular response despite a median of over 3 years on imatinib mesylate, who would be unlikely to show significant changes in their tumor burdens on stable imatinib mesylate alone.
This pilot study showed that the use of K562/GM-CSF immunotherapy is well tolerated with no serious adverse events for any of the 76 vaccine cycles in our 19 subjects. This intervention was associated with the reduction of tumor burden and the achievement of both major and complete molecular responses in CML patients with previous incomplete responses to single agent imatinib mesylate. Ultimately, the impact of immunotherapy will best be determined in a trial in which the persistence of undetectable disease is assessed following the planned withdrawal of imatinib mesylate. This design has been incorporated into our ongoing follow-up trial to this pilot study.
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